A differential-scanning-calorimetric study of the thermal denaturation of a sea-anemone (Radianthus macrodactylus) 8 kDa cytolytic toxin was carried out. The calorimetric traces were found to be irreversible and scan-rate-dependent under the experimental conditions employed. Scan-rate-dependent
INTRODUCTION
Differential scanning calorimetry (d.s.c.) has been extensively used to study protein thermal denaturation [for a review, see Privalov (1989) ]. Under certain conditions the thermal denaturation of some small globular proteins (Privalov, 1979) and some complex proteins (Privalov, 1982) is reversible, therefore the corresponding d.s.c. transitions are interpreted on the basis of equilibrium thermodynamics. However, the thermal denaturation of many proteins is irreversible, and therefore thermodynamic functions for the process, such as changes in entropy and Gibbs function, cannot be extracted from the d.s.c. traces simply (Edge et al., 1985; Manly et al., 1985; Hu and Sturtevant, 1987) . In (see, for instance, Sainchez-Ruiz, 1992) . Although several reports demonstrate the usefulness of kinetic analysis for the study of the irreversible denaturation of proteins (Sainchez-Ruiz et al., 1988a,b; Guzmain-Casado et al., 1990; Lepock et al., 1990; Conejero-Lara et al., 1991; Galisteo et al., 1991; Arriaga et al., 1992; Le Bihan and Gicquaud, 1993) , some researchers still assume that equilibrium thermodynamic analysis of the transitions is permissible (Hu and Sturtevant, 1989; Bertazzon et al., 1990) . Therefore additional experimental data are needed for developing experimental approaches that will allow the investigator to determine which type of information can be derived from irreversible calorimetric transitions.
There denaturation of proteins (Sainchez-Ruiz, 1992; Lepock et al., 1992) . Finally, it is noteworthy that cytolytic toxins from sea anemone could become important biotechnological materials [see, for instance, Turk (1991) ]. Therefore investigation ofthermal stability of the RTX-8 has not only academic, but also applied, interest.
MATERIALS AND METHODS
RTX-8 isolated from sea anemone Radianthus macrodactylus (Monastyrnaya et al., 1990) Lowry et al. (1951) . The purity of RTX-8 was documented by SDS/PAGE on a 5-25 % gradient gel as previously reported (Shnyrov et al., 1990 (Monastyrnaya et al.., 1990) . In order to check the influence of thiol-group oxidation on the irreversibility of the thermal transitions, thermal-induced transitions for RTX-8 in presence of dithiothreitol as well as 2-mercaptoethanol were investigated. Under these conditions the results showed the thermodynamical parameters for an RTX-8 solution in 20 mM sodium phosphate, pH 7.4, to be unaffected by the addition of reducing agents.
RESULTS AND DISCUSSION Figure 1 shows the d.s.c. traces for the thermal denaturation of RTX-8 in 20 mM sodium phosphate, pH 7.4, at several scan rates. The traces were found to be calorimetrically irreversible, as no thermal effect was observed in a second heating of the RTX-8 solution. As it may be seen in this Figure capacity increment from the scan rate testifies the absence of intermolecular aggregation at immediately after thermal transition, this being confirmed by the absence of visual changes in the sample turbidity after the d.s.c. experiment. The simplest representation of the irreversible thermal denaturation of a protein is given by the Lumry and Eyring (1954) model, in which a reversible unfolding is followed by an irreversible process:
where N is the native species, U the reversibly unfolded intermediate and D is the irreversibly denatured form which locks the unfolded protein in a state from which it cannot refold over the time of the experiment, owing to various factors (Ahern and Klibanov, 1985; Zale and Klibanov, 1986 ). If we assume that all three processes are first-order ones and that k3 > k2, most of the U molecules will be converted into D. In this case, the concentration of U is always very low, and thus denaturation may be considered to be an irreversible first-order kinetic process N Ak D, determined by a rate constant (k) which changes with temperature according to the Arrhenius equation. This kind of behaviour has recently been reported for the thermal denaturation of quite a few proteins (Galisteo et al., 1992; Le Bihan and Gicquaud, 1993 1. The first-order rate constant, k, can be obtained as a function of temperature from:
where v (K/min) stands for the scan rate, AC, for the excess heat capacity, Q for the total heat of the process, and Qt for the heat evolved at given temperature, T. The activation energy, EA, is calculated from an Arrhenius plot of lnk versus 1/T. The corresponding Arrhenius plot for RTX-8, including data from the four scan rates used, is given in Figure 2(a) . There is sufficiently good agreement between the rate constants calculated from the traces obtained at four different scan rates. A value of 192 + 9 kJ/mol for the energy of activation was obtained from the slope of the Arrhenius plot in Figure 2 where ACpmax is the heat capacity at the maximum of the trace and e stands for the base of natural logarithms. The EA value (189 + 8 kJ/mol) obtained by using this expression is in a good agreement with those calculated above.
It is clear that the good agreement between the results obtained for RTX-8 using different methods of analysis supports the Received 23 September 1993/11 November 1993; accepted 16 November 1993 validity of the proposed simple kinetic model for the thermal denaturation of RTX-8.
